Abstract: Artificialm olecular motors hold great promise for application in responsive functional materials as well as to control the properties of biohybrid systems. Herein a strategyi sr eported to modulate the rotationo fl ightdriven molecular motors.T hat is, the rotary speed of a molecular motor,f unctionalized with ab iphenol moiety, could be decreased in situ by non-covalent substrate binding, as was established by 1 HNMR and UV/Vis spectroscopy.T hese findings constitute an important step in the development of multi-responsivem olecular machinery.
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Molecular motorsa nd switches are receiving major interest, as the precise tuningo fm otion at the molecular level enables dynamic control of various functions. [1] The development of artificial molecular machines has taken inspiration from the variety of biological motors found in nature. [2] as wella st he designs of macroscopic machines. [3] Although synthetic molecular motors have recently been appliedi nv arious fields, [4] they are still surpassed by their biologicalc ounterparts in terms of regulation and adaptability.O ne of the main characteristics of biological motors, which stands out compared to artificial motors, is their ability to regulate activityi nr esponse to multiple stimuli. [5] While in principles ynthetic molecular switchesa nd motors are stimuli-responsive, examples in whicha na dditional orthogonal stimulus can be used to exert an increased level of control are limited. [6] [7] [8] In order to approach the level of complexity found in biological machines, it is crucialt oc ontrol the behavior of synthetic motors with multiple stimuli.
In our efforts to make light-driven rotary molecular motors multi-responsive,s everal approaches have been followed.F or am otor functionalized with ap seudo-rotaxane, it has been shown that the rotationc an be blocked and unblocked by the addition of acid and base. [6] Also, the direction of rotation of a specific molecular motor could be inverted by using ab ase as stimulus. [7] Most recently,w es howed that the rotational speed of light-drivenm olecular motors can be increased by transition-metal complexation. [8] At ypical example of al ight-drivenm olecular motor based on an overcrowded alkene and its mode of action are shown in Scheme 1. Irradiation of (P)-(R)-1,g ives rise to ap hotochemical isomerization of the double bond (the axle of the rotation). Duringt his process, the stereogenic methylg roup, initially in the pseudo-axial orientation,a dopts al ess favorable pseudoequatorial position. The obtained meta-stable isomer( M)-(R)-1 can undergo at hermalh elix inversion (THI), in which the upperh alf moveso ver the lower half, with ac oncomitantr eorientation of the stereogenic methyl group.T he result of the two isomerization steps is a1 808 rotationo ft he upper half relative to the lower half. Another photochemical and subsequentt hermali somerization completes the 3608 rotation.I t should be noted that for the proper functioning as ar otary motor, the steric interactionsb etween the upper and lower half in the fjord region are crucial.T he steric hindrance in the fjord region (Scheme 1) determines the speedo fr otation [9] and furthermore, gives the essential helical chirality to the molecule.
In ar ecents tudy it was shown that the THI in biaryl functionalized motors is accompanied by as ynchronizedr otation aroundt he single bond of the biaryl moiety. [10] This coupled motion is the consequence of the system's tendency to reduce steric hindrance during the THI. We reasoned thatr estraining of the biaryl moiety,t hereby limitingthe rotation around the single bond, would result in an increase in steric hindrance.I n this way,t he rotational speedo ft he light-driven molecular motor may be influenced by chemical stimuli.I nt his respect biphenol is an especially interesting motif as the straightforward covalent functionalization or the supramolecular binding of ag uest is known to influence the conformational mobility substantially. [11] The biphenol moiety could thus form a "handle" to alter the rotary behavior of the motor (Scheme 2). Herein we describe the synthesis and studyo ft he biphenol functionalized molecular motor 2 in which the chemically-induced restriction of the conformational freedom in the biaryl moiety results in adecrease in rotational speed.
Motor 2 was synthesized in seven steps startingf rom the commercially availablek etone 3,w hich was brominated using N-bromosuccinimide (NBS) to obtain bromoketone 4.S uzuki coupling with (2-methoxyphenyl)boronic acid, using the conditions developed by Buchwald et al., [12] gave ketone 5.Deprotonation with lithium diisopropylamide (LDA), followed by the addition of CH 3 I, afforded ketone 6.C onversion of the ketone into the hydrazone was accomplished using hydrazine monohydrate in boiling ethanol. The corresponding diazo compound of hydrazone 7 waso btained by oxidation with phenyliodine bis(trifluoroacetate) (PIFA). Subsequentc oupling to freshly prepared thiofluorenone gave the episulfide 8. Desulfurization with hexamethylphosphanetriamine (HMPT) provided the overcrowded alkene 9.F inally,m otor 2 was obtained by deprotection of the phenol groups using CH 3 MgI (Scheme 3).
With the target compound in hand, as eries of UV/Vis and 1 HNMR experimentsw ere conducted to study the behavior of compound 2 upon irradiation. 1 HNMR spectroscopy showed that irradiation of 2 with 365 nm light at À50 8C, led to the formationo ft he metastable isomer in ap hotostationary state (PSS) ratio of 43:57 (metastable:stable) ( Figure S16 in the Supporting Information). Heating the sample to room temperature resultedi nt he conversion of the metastable isomer to the stable isomer,i nl ine with the expected behavior of these overcrowded alkenes. In the UV/Vis spectrum ab athochromic shift with isosbestic points was observed upon the formation of the metastable isomer by irradiation of as olution 2 with 365 nm light at À53 8C, ( Figure S19 in the Supporting Information). The thermali somerization of the metastable isomer was followed in time at seven differentt emperatures (À53 8Ct oÀ38 8Cw ith 2.5 8Ci ntervals) using UV/Vis spectroscopy.E yring analysisw as used to determine D°G (20 8C) for the THI, whichw as found to be 69.9 kJ mol À1 ( Figure S33 in the Supporting Information).A s the THI of light-driven molecular motors is the rate-determining step of the rotary cycle, [13] the barrier of the THI is ad irect measureo ft he rotational speed. The found D°G for the THI of 69.9 kJ mol À1 for 2 corresponds to ar otationalf requency of 1.1 Hz at room temperature( Ta ble 1).
Scheme2.Molecular motor 2 in which chemically-inducedchanges in the biphenol moiety translate into ad ifferent speedo fr otation.
Scheme3.Synthesis of motor 2. After it was established that the dynamic behavior of motor 2 is as anticipated, it was investigated whether the rotary speed of the motor could be influenced by restraining the biaryl moiety.T ot his end, motor 10 and 2·11 were studied (see Scheme 2) . Compound 10 was obtained from precursor 2 by alkylation with CH 2 I 2 using K 2 CO 3 as base. The behavioro f this motor was also examined with 1 HNMR and UV/Viss pectroscopy. Characteristic shifts in the NMR spectra were observed upon irradiation of 10 with 365 nm light at À308 C, confirmingt he formation of the metastable isomer (PSS:9 1:9 metastable:stable) (see Figure S17 in the Supporting Information). As was also found for compound 2,abathochromic shift was observed in the UV/Vis spectrum upon irradiation with 365 light at 20 8C, indicating the formation of the metastable isomer (Figure 1 ).
The subsequentt hermalh elix inversion was again followed in time at various temperatures (30 8Ct o4 2.5 8C) using UV/Vis spectroscopy,a nd the D°G (20 8C) for this process was found to be 93.4 kJ mol À1 ( Figure S34 in the Supporting Information). The increase of 23.5 kJ mol À1 in the Gibbs free energyf or the THI as compared to the diol precursor signifies al arge decrease in the rotational speed. While motor 2 rotates approximately once per second, tethering the biphenol with am ethylene spacer, results in ad ecreaseo ft he rotational speed by a factor of 1. 6 10 4 ,e ffectively braking the rotary motion. Importantly,t he methylene spacerc an be removed again using HCl (aq) in ethanol. Decelerationo ft he rotary motion can thus be achieved in ar eversible manner.T his approach, however,d oes not allow for in situ controlo ft he behavior of the molecular motor,a si tr equires two reaction and purification steps. To address these issues,w ee xplored non-covalent methods to restrict the conformational freedomi nt he biphenol moiety,a nd thereby alter the rotary motion of the motor.I mportantly,i ti s known for 2,2'-biphenols that they can strongly interact with diamines and aminoalcohols by means of hydrogen bonding.
[11] 1 HNMR spectroscopy confirmed that trans-(AE)-N,N'-dimethyl-1,2-cyclohexanediamine (11)c an bind to motor 2 in CD 2 Cl 2 ( Figure S22 in the Supporting Information). In the UV/ Vis spectrum ab athochromic shift with clear isosbestic points was observed upon successive addition of 11 to 2.The binding constant was determined by at itration experiment with UV/Vis spectroscopy andw as found to be K a = 6.3 10 3 m À1 in CH 2 Cl 2 ( Figure S22 in the Supporting Information). Subsequently,t he effect of the diamine binding on the behavior of motor 2 was investigated. To this end, the same experiments were conducted as for motors 2 and 10.As ample of 2 (2.5 mm)w ith 11 (4 equiv) in CD 2 Cl 2 was irradiated with 365 nm light at À30 8C. The binding of 11 did not inhibitt he photoisomerization of 2 from the stable to metastable isomer. ( Figure 2a and Figure S18 in the Supporting Information). AP SS ratio of 80:20 (metastable:stable) was obtained. Upon heating to room temperaturet he metastable isomer reverted to the stable isomer. In the UV/Vis absorption spectrum of complex 2·11,abathochromic shiftw as observed with clear isosbestic points upon irradiation with 365 nm light (Figure 2b ). The thermalr elaxation of the metastable to the stable isomer of 2 complexed with 11 was followed in time at various temperatures (À10 8C to 0 8C). Eyring analysiso ft his process gave a D°G (20 8C) of 80.9 kJ mol À1 for the THI( Figure S35 in the Supporting Information). Binding of 11 to 2 thus leads to an increase in D°G (20 8C) of the THI of 11 kJ mol À1 ,a nd hence ad ecrease of the rotary frequency of motor 2 from 1.1 Hz to 0.012 Hz (see Ta ble 1). Chem. Eur.J. 2018, 24, [81] [82] [83] [84] www.chemeurj.org
In ordert os how that the non-covalent bindingo fc hemical additivest om otor 2 enables dynamic control of the motor function, we looked for ways to accomplish decomplexation. The addition of either acetic acid or methanol, resulted in the dissociation of the complex 2·11. ( Figure S23 -24 in the Supporting Information). Therefore, the use of hydrogenb onding enablesd ynamic control of the rotary speed of the molecular motor.
In conclusion, we have shown that the rotary behavior of a biphenol-functionalized molecular motor can be controlled via reversible covalenta nd non-covalent modifications. UV/Vis and 1 HNMR spectroscopy confirmed that 2 functions as al ightdriven rotary motor.T he tethering of the biphenol moiety with am ethylene spacer resulted in ad ecrease of the rotational speed by af actor of 1. 6 10 4 ,t hereby effectively braking the rotary motor.F urthermore, it was found that the biphenol moiety strongly binds diamine 11,w hich also leads to ad ecrease in speed. As the diamine could be released by addition of either methanolo ra cetic acid, the behavior of the molecular motor could be reversibly modulated.T his approachr epresents an ew way of controlling the molecular motor's properties through chemicaltriggers and is akey step in the development of light-driven molecular motors that display responsiveness to changes in the environment.
